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esponsibility of ChinAbstract This paper reports a phase transfer based wet chemistry method for the preparation of Au/VP-1
nanoﬂuids. The method involves the transfer of AuCl4
− ions from water to the base liquid Therminol VP-1,
followed by the reduction of AuCl4
− ions using NaBH4. The prepared nanoﬂuids are characterized for their
thermophysical properties and stability. The results show that the mass concentration of Au particles has a
signiﬁcant effect on the stability of Au/VP-1 nanoﬂuids. An increase in the Au concentration results in a higher
extent of agglomeration among the particles, leading to a decrease in the nanoﬂuid stability. The results also show
that the introduction of 0.005–0.05% Au nanoparticles enhances the thermal conductivity of the ﬂuids by up to
6.5%, whereas the viscosity increase is minimal.
& 2013 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
High temperature oils (150–400 1C) are widely used as industrial
heat transfer ﬂuids in a number of process applications including
solar thermal power plants and petroleum industry [1]. However,
the thermal conductivity of such ﬂuids is generally very low (in theearch Society. Production and hostin
6
cn (Y. Ding).
ese Materials Research Society.order of 0.1 W/m K), which decreases with increasing temperature.
This calls for the development of working ﬂuids with better heat
transfer properties.
Nanoﬂuid, a ﬂuid containing nanometer-sized particles, is an
emerging medium for heat transfer intensiﬁcation, and has been
found to possess enhanced thermo-physical properties such as high
thermal conductivity compared to that of the base ﬂuids [2–4].
Over the past decade, a large number of investigations have been
carried out to prepare nanoﬂuids with nanoparticles of different
materials [5], shapes [6], sizes [7], and concentrations [8].
However, the base ﬂuids used in most studies are polar solvents
and there are very few studies on organic and mineral oils for heat
transfer applications [9,10]. In addition, most of the preparative
methods for nanoﬂuids in the open literature are based on the so-g by Elsevier B.V. All rights reserved.
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produced separately and subsequently dispersed into a base ﬂuid
under stirring or ultrasonication. As the dispersing method
involves two steps of synthesis of nanoparticles and subsequent
preparation of nanoﬂuids, agglomeration of nanoparticles may take
place in either or both steps, leading to poor suspension stability
and high shear viscosity. The one-step method with which nano-
particles are produced directly in the base ﬂuids could overcome the
above-mentioned shortcoming and has attracted some attention. A
direct evaporation technique was developed for the production and
dispersion of metal oxide or metal nanoparticles in the base ﬂuids
[12,13]. Such a method needs a vacuum system and the procedure is
complex. Most recently, Zhu and coworkers [14,15] reported an
alternative one-step method towards the preparation of nanoﬂuids, in
which Cu nanoparticles were directly synthesized by the reduction of
CuSO4 precursors in ethylene glycol. The obtained nanoﬂuids
exhibited high stability and enhanced thermal conductivity. To date,
however, the solvents for nanoﬂuids formulation are limited to water,
ethylene glycol, and other commonly used chemical reagents. Most
of these do not meet the requirements of practical applications
particularly at temperatures over 200 1C. It is still a signiﬁcant
challenge to prepare non-polar organic solvents based nanoﬂuids
with a high stability in a facile manner.
Phase transfer, a method that facilitates migration of a reactant
from one phase into another phase where reaction occurs, could
overcome the lack of solubility of precursor materials in base
ﬂuids during the preparation of nanoﬂuids. Meguro et al. reported
the extraction of H2PtCl6 from an aqueous solution to organic
solvents using dioctadecyldimethylammonium chloride, trioctyl-
methylammonium chloride or trioctylphosphine oxide (TOPO) as
extracting agents [16]. After extraction, Pt(IV) ions were reduced
by formaldehyde or benzaldehyde in the presence of sodium
hydroxide at 65 1C. Pt nanoparticles obtained in CHCl3, cyclohex-
ane or methylisobutylketone were very stable with a diameter of
1.5–2.5 nm. Yang et al. [17] developed a general protocol to
transfer metal ions from an aqueous solution to an organic
medium, which greatly extended the scope of applications of the
phase transfer technology. The use of the phase transfer technol-
ogy in the synthesis of nanoparticles using wet chemistry method
could provide an effective way for the preparation of nanoﬂuids.
In this paper, we report the use of the phase transfer method to
prepare nanoﬂuids with Therminol VP-1, a widely used heat
transfer oil in solar thermal power plants as the base ﬂuid and Au
as the nanoparticle material. The method involves ﬁrst transferring
AuCl4
− anions from an aqueous phase to the Therminol VP-1 phase
using a phase-transfer reagent, and then reducing AuCl4
− anions in
VP1 using sodium borohydride (NaBH4) to give Au/VP1 nano-
ﬂuids. The Au nanoparticles in VP-1 were characterized by
transmission electron microscopy (TEM) and UV–visible spectro-
scopy. By using a nano-sizer based on the dynamic light scattering
method, a 3ω device, and a rheometer, the stability, thermal
conductivity and dynamic viscosity of Au/VP-1 nanoﬂuids were
also studied.2. Experimental
In the present experiments, tetra-n-octylammonium bromide
((C8H17)4NBr, TOAB, 498%) was used as both the phase-
transfer reagent and stabilizer. A typical procedure for nanoﬂuids
preparation involved dissolving 0.0547 g of TOAB in 100 mL of
synthetic heat transfer oil Therminol VP-1 (Solutia, Inc.), and thenmixing the solution with 5 mL of aqueous chloroauric acid
(HAuCl4) solution (10 mM). The mixture was magnetically stirred
for 30 min. After the phase transfer of AuCl4
− from the aqueous
phase to VP-1 was completed, the upper aqueous phase was
discarded and the lower organic phase was collected. Next, 10 mL
of aqueous NaBH4 solution (50 mM) was added swiftly to the
organic phase under magnetic stirring. The color of the solution
changed from yellow to milky, then dark brown, and ﬁnally dark
red. The aqueous phase was discarded after reaction taking place
for an hour at the room temperature and the Au/VP-1 nanoﬂuids
were obtained. The Au/VP-1 nanoﬂuids with different nanoparticle
concentrations were achieved by changing the concentration of
HAuCl4 in the solution.
The shape, size and size-distribution of Au nanoparticles in VP-1
were characterized by transmission electron microscope (TEM).
TEM samples were prepared by dispersing a drop of the washed
product on a copper grid, followed by drying in air at the room
temperature. The size of nanoparticle agglomerates in base ﬂuid
(VP-1) were approximated using the dynamic light scattering (DLS)
at a 1731 scattering angle with a Nano ZS analyzer (Malvern
Instruments). The effective thermal conductivity of nanoparticle
suspensions was evaluated using a 3ω method. The dynamic
viscosity of the nanoﬂuids was measured at room temperature using
a MCR rheometer (Anton Paar).3. Results and discussion
The phase transfer of HAuCl4 from water to the organic medium VP-1
is a crucial step prior to the synthesis of Au nanoparticles. The phase
transfer procedure for AuCl4
− anions from aqueous phase to VP-1 was
actually evolved from an earlier protocol pioneered by Brust et al. [18]
where the metal ions from an aqueous solution were ﬁrst transferred to
a hydrocarbon phase (toluene) by means of a phase-transfer agent such
as tetraoctylammonium bromide. Upon mixing the TOAB and HAuCl4
in a water/VP-1 biphasic system, the more hydrophobic complex,
(TOAB)+(AuCl4)
−, held together by electrostatic interactions, was
partitioned into the oil phase (VP-1), while the more hydrophilic
component, HBr, into the aqueous phase. Reduction of AuCl4
−
precursors in VP-1 with NaBH4 was then carried out at the room
temperature. The nucleation and growth of the Au particles as well as
the attachment of the TOABmolecules occurred nearly simultaneously.
The overall reaction is summarized as Eqs. (1) and (2), where the
source of electrons is NaBH4 [18]:
AuCl−4 ðaqÞ þ NðC8H17Þþ4-NðC8H17Þþ4 AuCl
−
4 ð1Þ
mAuCl−4 þ 3me−-4mCl−ðaqÞ þ Aum ð2Þ
Fig. 1a shows the UV–visible absorption spectrum of TOAB-
stabilized 0.005% (mass percentage) Au/VP-1 nanoparticle sus-
pensions. The strong absorption at 520 nm is due to the excitation
of surface plasmon resonance (SPR) in the Au nanoparticles. A
TEM image of TOAB-stabilized Au nanoparticles is shown in
Fig. 1b. The Au nanoparticles obtained from the NaBH4 reduction
of AuCl4
− are nearly spherical, and uniform in size with an average
diameter of 8 nm. However, dynamic light scattering analysis on
the Au/VP-1 nanoﬂuids indicates that the average size of Au
nanoparticles is approximate 121 nm (Fig. 1c), suggesting that
agglomeration among Au nanoparticles would have occurred in
VP-1 base ﬂuid.
The stability of Au/VP-1 nanoﬂuids was determined by the
analysis of Z-average particle size of Au nanoparticles in VP-1 at
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Fig. 1 UV–visible spectrum (a), TEM image (b), and size distribu-
tion (c) obtained by DLS analysis of Au nanoparticles in VP-1 base
ﬂuid at a concentration of 0.005% (mass percentage).
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Fig. 2 The Z-average size of Au nanoparticles in Au/VP-1 nanoﬂuids
with different Au mass concentrations over time. (The solid lines only
indicate the trend in particle Z-average size change.)
C. Wang et al.340different times. As shown in Fig. 2, for the Au/VP-1 nanoﬂuids
with Au concentration of 0.005% (mass percentage), the average
size of Au particles increases gradually from 121 nm with the
evolution of time and remains stable after reaching approximate
1100 nm at 4 day. After aging the Au/VP-1 nanoﬂuids for 8 days,
sedimentation of Au particles due to agglomeration occurs and
only small Au particles remain suspended in the nanoﬂuids,
leading to the dramatically decrease of the average size of Au
particles at 8 day (Fig. 2). For the Au/VP-1 nanoﬂuids with Au
concentration of 0.01% and 0.05% (mass percentage), sedimenta-
tion of Au particles occurred at 6 day and 4 day, respectively (alsoshown in Fig. 2), manifesting that high particle concentration has a
negative effect on the stability of nanoﬂuids.
The thermal conductivity of Au/VP-1 nanoﬂuids with different
Au concentrations at 30 1C was evaluated using a 3ω method. As
shown in Fig. 3a, the thermal conductivity of Au/VP-1 nanoﬂuids
is enhanced by the introduction of Au nanoparticles into the base
ﬂuid. Compared with the base ﬂuid, the average increases in the
thermal conductivity of Au/VP-1 nanoﬂuids with Au concentra-
tions of 0.005%, 0.01%, and 0.05% (mass percentage) are 4.8%,
5.0%, and 6.5%, respectively (Fig. 3b). Obviously, the increase of
Au particle concentration in Au/VP-1 nanoﬂuids could enhance
the thermal conductivity of the nanoﬂuids. However, a high
concentration of Au particles would result in a poor stability of
the nanoﬂuids. For practical applications, the pursuit for a high
stability and a high thermal conductivity of nanoﬂuids must be
balanced.
The dynamic viscosity of Au/VP-1 nanoﬂuids with different Au
particle concentrations was investigated using an Anton Parr MCR
302 rheometer. As indicated in Fig. 4, the dynamic viscosities of
Au/VP-1 nanoﬂuids with different Au particle concentrations are
almost the same as that of VP-1 base ﬂuid, showing that the
introduction of Au nanoparticles in VP-1 at diluent levels does not
have signiﬁcant effect on the base ﬂuid viscosity. Limited by the
solubility of TOAB in VP-1 base ﬂuid, Au/VP-1 nanoﬂuids with
Au particle concentrations higher than 0.05% (mass percentage)
could not be prepared successfully using the phase transfer
protocol. The seeking for more appropriate phase transfer agent
for the preparation of nanoﬂuids with favorable physical/chemical
properties is on-going and will be reported in a separate paper.4. Concluding remarks
This paper reports a phase transfer based wet chemistry method for
the preparation of Au/VP-1 nanoﬂuids. The method involves the
transfer of AuCl4
− ions from the aqueous phase to the Therminol
VP-1 oil phase, followed by the reduction of AuCl4
− ions using
NaBH4. The prepared nanoﬂuids are characterized for their
thermophysical properties and stability. The results show that the
mass concentration of Au particles has a signiﬁcant effect on the
stability of Au/VP-1 nanoﬂuids. An increase in the Au
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Fig. 3 (a) Experimental thermal conductivity and (b) relative
increase in the thermal conductivity of Au/VP-1 nanoﬂuids with
different Au mass concentrations at 30 1C.
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Fig. 4 Dynamic viscosity of Au/VP-1 nanoﬂuids with different Au
mass concentrations at room temperature.
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eration among particles, leading to a decrease in the stability of
nanoﬂuids. The results also show that the thermal conductivity of
VP-1 is enhanced due to the introduction of Au nanoparticles,whereas the shear viscosity is not much affected by the addition of
nanoparticles within the concentration range investigated in
this work.
Due to limited solubility of TOAB in VP-1 base ﬂuid, Au/VP-1
nanoﬂuids with Au particle concentrations higher than 0.05%
could not be prepared successfully using the phase transfer
protocol. We are seeking more appropriate phase transfer agents
for the preparation of nanoﬂuids with favorable physical/chemical
properties. It is recognized that the use of Au nanoparticles is too
expensive to ﬁnd practical applications. Work is also underway to
formulate VP1 nanoﬂuids containing nanoparticles of cheaper
materials and the results will be reported in due course.Acknowledgements
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